Neutron capture cross sections for the weak s process 



M. Heil A ' G , A. Juseviciute 3 , F. Kappeler® , R. Gallino c,D , M. Pignatari E ' F , and 
E. Ubersedei^ 

A Gesellschaft fur Schwerionenforschung (GSI), D-64291 Darmstadt, Germany 

B Forschungszentrum Karlsruhe, Institut fur Kernphysik, D-76021Karlsruhe, Germany 

c Dipartimento di Fisica Generate, Universita di Torino, via P. Giuria 1, 10125 (To), Italy 

D Center for Stellar and Planetary Astrophysics, Monash University, Victoria 3800, Australia 

E Astrophysics Group, School of Physical and Geographical Sciences, Keele University, UK 

F University of Notre Dame, Notre Dame, USA 

G Email: m.heil@gsi.de 

Abstract: In the past decades, a lot of progress has been made for the understanding of the main 
s-process component which takes place in TP-AGB stars. During this process about half of the heavy 
elements, mainly between 90<A<209 are synthesized. Improvements were made in stellar modeling 
as well as in measuring relevant nuclear data for a better description of the main s process. The 
weak s process, which contributes to the production of lighter nuclei in the mass range 56<A<90 
operates in massive stars (M >8 M@) and is much less understood. A better characterization of the 
weak s-component would help disentangle the various contributions to the element production in this 
region. For this purpose, a series of neutron capture cross section measurements on medium mass nuclei 
have been performed at the 3.7 MV Van de Graaff accelerator at FZK using the activation method. 
Also, neutron captures on abundant light elements with A<56 play an important role for s-process 
nucleosynthesis, since they act as neutron poisons and affect the stellar neutron balance. New results 
are presented for the (n, 7) cross sections of 41 K and 45 Sc, and revisions are reported for a number of 
cross sections based on improved spectroscopic information. 

Keywords: massive stars, nuclear reactions, nucleosynthesis, abundances 



1 Introduction 

Since 1957, after the pioneering work by Burbidge, 
Burbidge, Fowler, and Hoyle (0), it is known that the 
elements heavier than iron are mainly produced by 
two neutron capture processes, the s(slow)- and the 
r(rapid)-process, both contributing about half of the 
observed solar abundances between Fe and U. A third 
process, the so called p(photodissociation)-process is 
responsible for the origin of about 30 rare, proton-rich 
nuclei, but does not contribute significantly to the syn- 
thesis of the elements in general (<1%). 

The main s process produces predominantly nuclei 
with mass numbers A>90 and is by far the most stud- 
ied process. In recent years, a detailed stellar model 
was developed (|2J) which suggests that the main com- 
ponent of the s process occurs in the He-rich intershell 
of thermally pulsing AGB stars and the calculated s- 
abundances are in excellent agreement with observa- 
tions (0). 

The weak s component, on the other hand, is much 
less understood. It is responsible for the production of 
nuclei between iron and yttrium (56<A<90). Current 
stellar models suggest that it takes place during con- 
vective core-He burning in massive stars (M > 8M©), 
where temperatures of (2.2-3.5) x 10 s K at the center 
are reached near He exhaustion and neutrons are liber- 
ated by the activation of the 22 Ne(a, n) 25 Mg reaction. 
Since the neutron exposure is small, the s-process flow 



can not overcome the bottleneck at the closed neutron 
shell N=50. Most of the material is reprocessed by 
the following burning stages and only a small part sur- 
vives in the outer layers of the previous convective core 
He burning and is ejected during the supernova explo- 
sion. A second neutron exposure occurs duringcon- 
vective carbon shell burning of massive stars UH@). 
There, neutrons are produced mainly by burning left- 
over 22 Ne. Since 22 Ne derives from initial CNO nu- 
clides, first converted to 14 N by H burning and then by 
the chain 14 N(a,7) 18 F(/3+^) 18 0(a,7) 22 Ne occurring in 
the first phase of core He burning, the weak s-yields 
decrease with metallicity. The high temperatures dur- 
ing carbon burning of T ~1 x 10 9 K cause high neutron 
densities up to ~10 12 cm -3 . 

The nucleosynthesis yields of the weak component 
in massive stars are also important for the r process 
supernova scenarios, since they determine the compo- 
sition of a star before the supernova explosion. Since 
the s-process abundances can be determined reliably 
on the basis of experimental (n, 7) cross sections, the 
r abundances are commonly inferred by the r-residual 
method, that is by subtracting the s abundances from 
solar values, N,.=N0— N s The r abundances ob- 
tained in this way are then used for testing r-process 
models. This is of special interest, since recent ob- 
servations of ultra-metal-poor halo stars (@) suggest a 
second, so-called weak r process, which contributes to 
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the element production below barium. 

In addition, current s-process models cannot ex- 
plain the high observed abundances of the typical s 
elements Sr, Y, and Zr in halo stars with low metal- 
licity (0). Significant contributions by the main s pro- 
cess to the interstellar medium are to be expected at 
[Fe/H]> — 1.5 only, because of the long lifetimes of low 
mass AGB stars. Therefore, a new primary neutron 
capture process, the lighter element primary process 
(LEPP) was suggested by Travaglio et al. |Sj). An- 
other scenario pointing to a s-process origin of LEPP 
is that this extra component is produced by fast ro- 
tating metal poor massive stars. The rotation mixes 
primary 14 N in the He core where it is converted in 
primary 22 Ne, causing a strong production of neutrons 
before the He exhaustion and in the following C shell 

Recently, a totally new process, the vp process, was in- 
troduced HU), where nucleosynthesis calculations ex- 
plored the so far neglected effect of neutrino interac- 
tions and found that it is possible to produce neutrons 
via antineutrino captures on protons in the innermost 
proton-rich ejecta of core-collapse supernovae. Neu- 



tron densities of 10 
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in this way for several seconds, when the temperatures 
are in the 1-3 GK range. 

It is clear from the above discussion that several 
processes contribute to the nucleosynthesis of medium- 
heavy nuclei from Fe to Ba. In order to disentan- 
gle the various processes and to identify possible as- 
trophysical sites, the individual contributions have to 
be separated. A first step could be the identification 
of the abundance contributions from the weak s pro- 
cess, since the most important nuclear data input, the 
neutron capture cross sections, are accessible by lab- 
oratory experiments. Therefore, new neutron capture 
cross section measurements on medium mass nuclei are 
demanded. 

The cross sections of light elements are also im- 
portant in this respect because they affect the neutron 
balance inside stars during the s process. Although 
their cross sections are small, these elements are much 
more abundant than those in the mass region above Fe. 
Therefore, light elements constitute potential neutron 
poisons and may consume neutrons, which are then 
not available for s-process nucleosynthesis. Especially 
important in this respect are neutron captures on 12 C, 
16 O and on the neon and magnesium isotopes, but also 
other light isotopes up to iron contribute as well. In 
many of these cases the neutron capture cross sections 
are not known with sufficient accuracy since they are 
small and difficult to measure. 

Neutron capture cross sections of light isotopes 
play also an important role for analyses of presolar 
grains, which can provide stringent constraints on s- 
process models (|12|). Because these grains are only a 
few /im in size and because the abundances of heavy 
elements are rather low, their isotopic composition is 
difficult to determine for individual grains. Lighter 
elements are more abundant and, therefore, easier to 
detect. 

In this contribution we report on neutron capture 
cross section measurements of 41 K and 45 Sc. The ex- 



perimental method and the results are described in 
chapter 2. The measurements are part of a series of 
neutron capture studies on light and medium heavy 
nuclei relevant for the weak s process in massive stars, 
which will be summarized in chapter 3. Section 4 con- 
cludes with some remarks on the astrophysical impli- 
cations of these results. 



2 Activation method 

The most important input for stellar models of the s 
process are Maxwellian averaged neutron capture cross 
sections (MACS) and /3-decay rates, but also stellar 
enhancement factors (SEF) have to be known. 

The weak s process contributes substantially to the 
production of elements in the mass range 56<A<90. In 
this mass region the (n, 7) cross sections show large un- 
certainties and need significant improvement for a re- 
liable description of the abundance contributions from 
massive stars. This is especially important since the 
local approximation ((o-)N = const) is not valid during 
the weak s process. Therefore, any change in the cross 
section of a light isotope, e.g. 62 Ni (fl3l L can affect the 
abundances of all the heavier isotopes up to zirconium 
and maybe even higher up. This underlines that neu- 
tron capture cross sections in the mass range 50<A<90 
have to be measured with significantly higher accuracy. 
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Figure 1: The experimental setup for activation 
measurements (left) and a comparison of the pro- 
duced neutron spectrum and a thermal neutron 
spectrum at fcT=25 keV (right). 



Therefore, a measuring campaign was launched at 
Forschungszentrum Karlsruhe with the aim to improve 
the neutron capture cross sections of light and medium 
mass nuclei. A reliable and accurate approach to de- 
termine Maxwellian averaged cross sections at kT=25 
keV is the activation method (fl4T ). where the 7 Li(p, n) 7 Be 
reaction is used to produce a quasi-stellar neutron spec- 
trum as sketched in Fig. [T] After irradiation in that 
spectrum the induced sample activity is counted in 
a low background environment with high resolution 
Ge detectors. The proton beam with an energy of 
-E p =1912 keV and typical intensities of 100 fj>A was 
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delivered by the Karlsruhe 3.7 MV Van de Graaff ac- 
celerator. The neutron production target consists of 
a metallic Li layer, which is evaporated onto a water 
cooled copper backing. The sample is placed inside the 
resulting neutron cone, which has an opening angle of 
120 degrees in the direction of the proton beam. The 
neutron flux is monitored throughout the irradiations 
by means of a 6 Li-glass detector, positioned at a dis- 
tance of 1 m from the target. After the irradiation the 
total number of activated nuclei A is given by 



Table 4: Compilation of systematic uncertainties. 



A = *-N-a-f bl 



(1) 



where <£> is the time integrated neutron flux, N the 
number of sample atoms per cm 2 , and a the spectrum 
averaged neutron capture cross section. In order to 
determine the neutron flux, the sample is sandwiched 
between gold foils. Since the gold cross section is well 
known, the total number of neutrons can be obtained 
by measuring the 412 keV line from the decay of 198 Au 
with HPGe detectors. The factor fb accounts for the 
variation of the neutron flux and for the decay during 
activation. The cross section is then calculated from 
the number of counts in a characteristic 7-ray line 

C 7 = A- K~f ■ e 1 ■ I~f ■ (1 — exp(— Xt m )) ■ exp(—Xt w ), (2) 

where is a correction factor for 7-ray self-absorption, 
e~f the efficiency of the Ge-detector, 7 7 the line in- 
tensity, t w the waiting time between irradiation and 
counting, and t m the duration of the activity measure- 
ment. 

In this way, we have measured the MACSs of sev- 
eral nuclei. As an example, we give here details of the 
measurements on 41 K, and 45 Sc at kT=25 keV. A brief 
summary of all measurements follows in Section 3. 

By variation of sample dimensions and other ba- 
sic experimental parameters in repeated activations it 
was possible to verify the data analysis procedures and 
to check the reliability of the evaluated uncertainties 
of the measurements. The information on the relevant 
parameters of the different activation runs are given 
in Table [T] The decay properties of the product nu- 
clei, which are essential for determining the induced 
activities are summarized in Table [2] A detailed de- 
scription of the procedures used in the measurements 
and in data analysis can be found in (lEI) and refer- 
ences therein. 

The experimental results and uncertainties are sum- 
marized in Tables [3] and [J] In spite of the variation of 
the experimental parameters, the results are all consis- 
tent within the estimated uncertainties, thus confirm- 
ing the reliability of the experimental method. These 
variations included different sample sizes and masses 
to verify the corrections for finite size and self shield- 
ing effects as well as different irradiation times to con- 
trol uncertainties due to the half-lives of the respective 
product nuclei. Significant contributions to the over- 
all uncertainty originate from the gold reference cross 
section, the efficiency of the HPGe detectors, and the 
time integrated neutron flux, whereas the uncertainties 
from the 7-decay intensities are small. 

The results in Table[3]represent cross section values 
averaged over the quasi-stellar neutron spectrum used 



Source of Uncertainty 



Uncertainty (%) 
Au 41 K 45 Sc 



Gold cross section 


1.5 






Number of nuclei 


0.6 


0.1 


0.4 


Time factors fb, and ti/ 2 


<0.1 


<0.1 


<0.1 


Self-absorption 


<1.0 


<1.0 


<1.0 


Detector efficiency 


1.5 


1.5 


1.5 


7-ray intensity per decay 


0.13 


0.5 


0.001 


Neutron flux 




2.6 


2.4 


Total uncertainty 




3.2 


3.0 



for the irradiations. This spectrum is close but not 
identical to a Maxwellian distribution. In the experi- 
mental spectrum we have e.g. a cut-off at an energy of 
106 keV. In order to derive MACSs which are defined 



< a-v > 2 cr(E n ) ■ E n ■ exp(-E n /kT) ■ dE n 



I'T 



r 

Jo 



E n 



exp(-E n /kT) ■ 
(3) 

we used the evaluated energy-dependent cross sec- 
tions, a(E n ), from data libraries, which were normal- 
ized to reproduce our experimental results. In the 
above formula E„ denotes the neutron energy, k the 
Boltzmann factor, and T the temperature. The MACSs 
obtained for various thermal energies are listed in Ta- 
bles [5] and [6] for the respective libraries as well as for 
the temperature trend of the compilation by Bao et al. 
(2000). 



Table 5: MACSs for the 41 K(n, 7 ) 42 K reaction cal- 
culated with the normalized neutron capture cross 
sections of various databases compared with the 
temperature trend of Bao et al. (2000). 



dE n 



kT JEFF 3.1° 
(keV) (mbarn) 



JENDL 3.3 s " 
(mbarn) 



Bao et al. (2000) 
(mbarn) 



5 


91.2 


91.2 


75.9+^ 


10 


50.7 


50.7 


42.5+j;8 


15 


35.3 


35.3 


30.8+j-i 


20 


26.7 


26.6 


24.8 + i^ 


25 


21.3 


21.3 


21.3+liS 


30 


17.8 


17.8 


19.0+i 4 


40 


13.8 


15.4 




50 


11.7 


11.7 


14.41" 


60 


10.4 


10.4 


13 2+ 10 


80 


9.1 


9.1 


11 6 +0 - 9 

ii - D -2.6 


100 


8.4 


8.4 


io.4±5:5 



a JEFF/3.1 (www.nea.fr/html/dbdata/JEFF/) 
6 JENDL/3.3 (wwwndc.tokai-sc.jaea.go.jp/jendl/) 
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Since it is not obvious, which trend with kT is to 
be preferred, and since it is beyond the scope of this 
paper to trace the origin of the differences between var- 
ious evaluations, the recommended values, which have 
been used for the s-process calculations discussed in 
the following section, are the ones obtained using the 
temperature trend of Bao et al. (2000). This choice 
was motivated by the fact that these data include the 
most recent time-of-fiight (TOF) results. The uncer- 
tainties of the extrapolated MACS were estimated by 
comparison with the upper and lower bounds obtained 
by using the evaluated cross sections from the data li- 
braries. The uncertainties of the recommended values 
are, therefore, composed of the experimental uncer- 
tainties originating from the measured data and of the 
contributions defined by the differences with respect 
to the values derived from different databases. 

Since the MACS in Tables [S] and [5] have already 
been normalized to the present cross section results, it 
is interesting to note the normalization factors as well. 
For 41 K these are 0.57, 0.57, and 0.86 for JEFF/3.1, 
JENDL/3.3, and Bao et al. (2000), and for 45 Sc 0.88, 
0.85, 0.88, and 0.80 for JEFF/3.1, ENDF/B-6.8, JENDL/3.: 
and Bao et al. (2000), respectively. 

The present results are consistently smaller com- 
pared to previous data, which both have been ob- 
tained in TOF experiments. For the MACS of 41 K 
the only other experiment reports a 12% larger value 
l[l9h. whereas the present and previous measurement 
claim uncertainties of only 7.5% and 3.2%. In case of 
45 Sc there is also only one other experimental value 
(p^oh . which is 25% larger, far outside the quoted un- 
certainties of 7.2% and the present 3.0%. 

3 Neutron capture measure- 
ments 

With the activation technique described before, we 
have determined a number of MACSs in the mass range 
of the weak s process between Fe and Zr. Apart from 
the measurements on 41 K and 45 Sc presented here, 
the results for the other isotopes in our study were 
published elsewhere. In order to provide an overview 
all recent measurements are summarized in Table [7] 
and compared with the previously recommended val- 
ues (H3). 

For some isotopes the measured cross sections dif- 
fer significantly from previous recommendations. It is 
conspicuous that many new results are systematically 
smaller than the recommended cross sections from Bao 
et al. (2000), which are often based on time-of- flight 
(TOF) measurements performed with C^Hq detectors 
in the 1970ies and early 1980ies fU H; H3). In fact, 
this trend is confirmed by a general comparison be- 
tween MACSs obtained with the activation method 
and the TOF method performed with CeD6 detec- 
tors, which reveal large discrepancies on average. The 
cross sections from activation measurements are con- 
sistently lower, often in complete disagreement within 
the quoted uncertainties. 

This is illustrated in Fig. [2] by the comparison be- 
tween MACSs at A;T=30 keV obtained with the TOF 
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Figure 2: Comparison of MACSs at kT=30 keV 
obtained by activation and by the TOF method. 
Note that most ratios are smaller than unity. 



,and the activation method. A possible explanation 
'could be that the background due to sample-scattered 
neutrons was systematically underestimated in older 
TOF experiments. Neutrons scattered in the sample 
and captured in the detector and/or in surrounding 
materials produce background events, which are dif- 
ficult to distinguish from true capture events. This 
background can be as high as 50% for light and medium 
heavy nuclei, where the scattering/capture ratios are 
large. The correspondingly large and uncertain correc- 
tions tend to give rise to large systematic errors. 

It should be also noted that some activation mea- 
surements performed in the past are inconsistent with 
newer results. The neutron capture cross section of 
81 Br can serve as an example. The MACS at kT— 30 
keV of the activation measurement in 1986 of 317±16 
mbarn (1251 1 is in contradiction to the new result of Heil 
et al. ([231 1 of 235±9 mbarn. However, in contrast to 
the previous result, which was measured in 1986 by 
a single activation, several repeated activations were 
performed in Ref. (|23h by variation of sample dimen- 
sions and other experimental parameters as described 
before. 

Since activation measurements have to rely on some- 
times rather uncertain decay properties of the respec- 
tive product nuclei, any improvement of these basic 
parameters such as decay intensities or half-lives are 
important and can be used for the revision of older 
activation data. A systematic search for improved de- 
cay information resulted in the set of updated MACSs, 
which are listed in Table [5] together with the corre- 
sponding correction factors and references to the new 
decay data. 



4 Astrophysical implications 

The MACS obtained in a series of neutron capture 
measurements with the activation method have been 
used to explore their impact on stellar model calcu- 
lations for the weak s process in a 25 Mq star, which 
were performed with the post-processing code described 
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in Refs. (1341 : l35h . It was found in these calculations 
that the nucleosynthesis yields for the weak s process 
show large variations due to the uncertainties of the 
involved neutron capture cross sections ifloT) . Unlike 
in the main s process, flow equilibrium is not reached 
during the weak s process. Therefore, the neutron cap- 
ture cross sections do not only influence the yield of the 
respective isotope, but also the production of all heav- 
ier nuclei on the reaction path of the weak s-process. 
The impact of the improved MACS described here are 
illustrated in Fig. [3] 
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Figure 3: Nucleosynthesis yields between Fe and 
Nb illustrating the final s-process yields after shell 
C burning for a 25 M star with [Fe/H] = 0. To 
illustrate the combined effect of all new cross sec- 
tions the yield is plotted relative to the standard 
case using the cross sections of Bao et al. (2000) 
(p.w. stands for present work, even and odd Z el- 
ements are distinguished by black and open sym- 
bols, respectively). The thin lines correspond to 
the upper and lower limits of the cross sections in 
Tables VI and VII and demonstrate the uncertain- 
ties stemming from the extrapolation of the mea- 
sured cross sections to higher and lower energies. 



The range of uncertainties, which are caused by the 
extrapolation from the measured energy at kT = 25 
keV to the higher energies around kT = 90 keV are 
in some cases very large. To improve this situation, 
complementary new accurate TOF measurements are 
clearly needed in the mass region 56 < A < 70. Ac- 
cordingly, one has to conclude that a reliable abun- 
dance predictions for the weak s process are only pos- 
sible if all neutron capture cross sections of the in- 
volved isotopes are known with high accuracy. Also 
the abundant light isotopes below Fe are important, 
since they may constitute crucial neutron poisons for 
the s process. 
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Table 1: Summary of irradiation parameters. 


Activation 


Sample 


Mass Diameter Irradiation time Integrated neutron 




composition 


(mg) (mm) (min) 


flux (10 14 ) 


1 


KBr 


98.70 6 156 


0.2681 


2 


KBr 


733.27 12 1118 


0.7069 


3 


Sc metal 


2.43 6 2829 


5.019 


4 


Sc metal 


6.37 10 4148 


3.352 


5 


Sc metal 


9.57 12 2829 


1.855 


Table 2: Decay properties of the product nuclei. 


Product 


Half-life 


7-ray energy Intensity per decay 


Reference 


nucleus 


M 


(keV) ' (%) 






741.6±0.72 


1524.6 18.08±0.09 


(16) 


46 Sc 


120658±58 


889.28 99.984±0.001 


OD 






1120.55 99.987±0.001 




198 Au 


3881.1±0.29 


411.8 95.6±0.12 


(12) 


Table 3: Measured cross sections. 


Activation 


7-ray energy 


Self-absorption Cross section 


Mean value 




(keV) 


factor (mbarn) 


(mbarn) 






4i K(n, 7 ) 4 ^K 




1 


1524.6 


0.99 20.4±1.6±0.7 




2 




0.98 20.2±0.5±0.6 


20.3±0.8(stat)±0.7(sys) 






45 Sc(n, 7 ) 46 Sc 




3 


889.28 


1.00 59.3±0.9±1.8 






1120.55 


1.00 61.7±1.0±1.9 




4 


889.28 


1.00 59.7±0.7±1.8 






1120.55 


1.00 61.0±0.7±1.8 




5 


889.28 


1.00 60.3±0.7±1.8 






1120.55 


1.00 60.0±0.8±1.8 


60.3±0.4(stat)±1.8(sys) 



Table 6: MACSs for the 45 Sc(n, 7) 45 Sc reaction calculated with the normalized neutron capture cross 
sections of various databases compared with the ones obtained using the temperature trend of Bao et al. 



(2000). 


kT 
(keV) 


JEFF/3.1 a 
(mbarn) 


ENDF/B-6.8 6 
(mbarn) 


JENDL/3.3 C 
(mbarn) 


Bao et al. (2000) 
(mbarn) 


5 


163 


161 


163 


181^! 


10 


115 


115 


115 


123+^ 


15 


89.7 


88.8 


89.7 


92-91I; 4 


20 


74.6 


73.4 


74.7 


76.1^| 


25 


64.3 


63.2 


64.7 


64.1 jjj 


30 


56.8 


56.1 


57.5 


55 . 3~^2 o 


40 


46.4 


46.9 


47.7 


43.3+^ 


50 


39.5 


41.1 


41.2 


35.3±f"§ 


60 


34.4 


36.8 


36.6 


30.4^-5 


80 


27.7 


30.6 


30.3 


24 s+ 5 - 9 


100 


23.4 


26.0 


26.2 


21 6+ 4 - 7 



a JEFF/3.1 (www.nea.fr/html/dbdata/JEFF/) 

6 ENDF/B-VI.8 (www.nndc.bnl.gov/) 

c JENDL/3.3 (wwwndc.tokai-sc.jaea.go.jp/jendl/) 
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Table 7: Recent MACS at kT = 30 keV (in mbarn) compared with previously recommended values. 



Target isotope 


Bao ct al. (2000) 


Present activations 


Reference 




5.8±1.2 


3.2±0.1 


(22) 


41 K 


22.0±0.7 


19.0+H 


This Work 


45 Sc 


69±5 


o5 .3 2 q 


This Work 


58 Fe 


12.1±1.3 


io -°-0.8 


(15) 


59 Co 


38±4 


39.6 + 2g 


(15) 


64 Ni 


8.7±0.9 


8-0±g;l 


(15) 


63 Cu 


94±10 


56.0±2;2 


(15) 


65 Cu 


41±5 


30.0lJ| 


05) 


79 Br 


627±42 


613±59 


(23) 


81 Br 


313±16 


235±9 


(23) 


85 Rb 


240±9 


22lt 43 


(23) 


87 Rb 


15.5±1.5 


15.8t°;g 


(23) 





Table 8: 


MACS at kT= 


=30 keV (in mbarn). 




Target isotope 


Bao et al. (2000) 


Correction factor New MACS 


Rcf. to new decay data 


46 Ca 


5.7±0.5 a 


1.085 


6.2±0.7 


(26) 




4.9±0.6 h 


1.042 


5.1±0.5 




124 Xe 


644±83 


0.958 


617±79 


(27) 


155 Eu 


1320±84 


0.883 


1166±73 


(28) 


152 Gd 


1030±65 


0.930 


958±47 


(29) 


158 Gd 


221±25 


0.816 


178±42 


(30) 


160 Gd 


144±14 


1.618 


230±16 


(31) 



Correction for value in Kappeler et al. (1985) (|32l). 
b Correction for value in Mohr et al. (1999) 



